The interaction of the permanent electric dipole moment of a polar molecule with a strong static electric field can create oriented rotational wave packets, which are termed pendular states. Molecules traveling in a molecular beam experience a fringing field due to the edges of the conducting plates which create the electric field as a slowly varying time-dependent perturbation. Since Stark energies of some asymmetric-top molecules present numerous avoided crossings as a function of field strength, the time evolution of rotational wave functions for molecules entering the field is complex. We have studied, by solving the time-dependent Schrö-dinger equation, the dynamics caused by selected avoided crossings, and the time evolution of the orientation corresponding to 24 rotational wave functions, for the near-prolate asymmetric-top iodobenzene. Implications for the population distribution of molecules in the electric field and for experimental schemes to decelerate molecules are discussed.
I. INTRODUCTION
The study of the interaction of molecules with strong electric fields is becoming a topic of great interest in chemical physics. The possibility of orienting polar molecules by combining cooled molecular beams with strong static electric fields was studied by Loesch and Remscheid ͓1͔ and Friedrich and Herschbach ͓2͔. Also, ensembles of nonpolar molecules can be aligned ͑but not oriented͒ by using intense pulsed lasers, which interact with the molecular polarizability, inducing a dipole moment. The induced dipole can further interact with the laser field, giving rise to pendular states ͓3͔. These states are field-induced coherent superpositions of field-free rotor states. For high enough field strengths, molecules, in these hybrid states, librate about the field direction instead of executing free rotational motion. The time evolution of pendular states created by nonresonant lasers was recently studied for linear molecules ͓4͔, to determine the character ͑adiabatic versus diabatic͒ of the evolution from field-free eigenstates to aligned states. A variety of behaviors was found depending on the duration and intensity of the laser pulse and the rotational constant of the molecule.
Research on pendular states has concentrated mainly on linear and symmetric-top molecules but also studies on asymmetric tops have been published. Moore et al. ͓5͔ presented a comprehensive theoretical and experimental study of the spectroscopy of acetylene-HF ͑a near-prolate asymmetric top͒, identifying the molecular states that give the best orientation in a static electric field. Recently, Larsen et al. ͓6͔ have demonstrated laser-induced alignment for linear, symmetric-top and asymmetric-top molecules. These authors also discussed some interesting applications of aligned molecules, like dissociative rotational cooling, selective dissociation, and chemical control.
Moore et al. ͓5͔ finished their paper commenting on the issue of nonadiabatic population transfer that can take place when molecules enter the electric field. This issue is important for determining the relative rotational populations inside the field. If the time evolution at an avoided crossing ͑AC͒ is completely adiabatic or completely diabatic a molecule will be described at any time by only one molecule-field eigenstate ͑a Stark eigenstate in the case of dc fields or a Floquet state in the case of ac fields͒, whose relative population will be the same as its field-free progenitor. Intermediate behavior between fully adiabatic or fully diabatic evolution is possible, implying that molecules end up in a coherent superposition of molecule-field eigenstates. As Bulthuis et al. ͓7͔ pointed out ''a calculation assuming ͓that the͔ avoided crossings ͑are transversed adiabatically͒ can be expected to lead to completely incorrect orientation distributions for the various parent states in a thermal distribution ͑of iodobenzene͒.''
The usual experimental configuration to create pendular states consists of a well-defined molecular beam passing through a couple of electrodes, which create a dc electric field. The transition from the field-free region to the highfield region does not occur suddenly due to the edge effect of the conducting plates. This fringe electric field is experienced by the molecules as a slowly varying time-dependent perturbation, whose effective variation depends on the molecular velocity. Since the energy level structure of asymmetric-top molecules is more complex than that of linear or symmetric-top molecules, the existence of avoided crossings as a function of the electric-field strength occurs often ͓7͔. Molecules transverse avoided crossings fully adiabatically, fully diabatically, or in an intermediate fashion, depending on how fast the field changes compared to the energy gap between the two Stark states involved in the crossing.
In this paper, we present detailed calculations of the time evolution of rotational wave functions for the near-prolate asymmetric-top iodobenzene, from the field-free region to the static-field region. For typical molecular velocities and moderately strong electric fields the time-dependent Schrö-dinger equation has to be integrated for an extremely long time ͑several microseconds͒, which can be efficiently done thanks to a transformation proposed in Ref. ͓8͔ combined with the split-operator technique ͓9͔. We have chosen iodobenzene since its Stark eigenstates have been carefully studied ͓7͔, and laser-induced alignment has been recently demonstrated for this molecule ͓6͔. Iodobenzene represents a difficult problem because of its weak asymmetry, which gives rise to a large number of interacting states and avoided crossings. More asymmetric molecules, like water, do not show curve crossings ͓7͔ and the time evolution is adiabatic.
The variation of the electric-field strength as a function of space-fixed coordinates for an ideal experimental configuration, the Hamiltonian, and the algorithm used to integrate the time-dependent Schrödinger equation are given in Sec. II. Results for iodobenzene are presented and analyzed in Sec. III. Finally, in Sec. IV, we summarize and discuss our results.
II. HAMILTONIAN, ELECTRIC FIELD, AND TIME-DEPENDENT SCHRÖ DINGER EQUATION
The Hamiltonian describing the Stark energy levels and wave functions of an asymmetric-top molecule in an isolated vibronic state ͑assumed for simplicity the ground state͒, in the presence of an electric field (t) linearly polarized along the space-fixed direction Z, in the dipole approximation is
where A, B, and C are rotational constants, and J ␥ is the component of the angular momentum operator along the molecule-fixed principal axis of inertia, ␥. The component of the permanent dipole moment of the molecule along the laboratory-fixed field direction Z can be expanded as a function of the molecule-fixed dipole components, using direction cosines ⌫␥ as Z ϭ x Zx ϩ y Zy ϩ z Zz .
͑2.2͒
The calculation of matrix elements can be simplified by using complex spherical coordinates ͓10͔:
Finally, using the traditional I r convention ͓11͔, the Hamiltonian becomes
Direction cosine matrix elements in a basis set of symmetric-top wave functions ͉J,k,M ͘ ͑where J is the angular momentum value, k its projection along the moleculefixed axis a, and M its projection along the space-fixed axis Z) can be found in Ref. We assume that the electric field is created by applying a potential difference between two rectangular semi-infinite conducting plates ͑see Fig. 1͒ . We restrict our analysis to molecules on the center line of the midplane between the parallel plates (X axis, Zϭ0, Y ϭ0), where the potential is zero. Molecules moving in that line are not defocused. The component Z at the distance d is given by
͑2.5͒
where V 0 is the difference of potential applied to the plates, a is the distance between plates, and is the electric flux, which at the point d can be determined from
By solving Eqs. ͑2.5͒ and ͑2.6͒ the electric field experienced by a molecule traveling in the molecular beam, at time t, is easily determined if the molecular velocity v is known. Figure 1 shows the variation of the electric-field strength as a function of the distance from the edge of the plates for different V 0 and a values. The field is still nonzero far from the plate edges ͑experimental arrangements in which the fields are screened are possible, but we do not consider this sophistication here͒. For example, for V 0 ϭ100 kV and aϭ1 cm, the field is approximately 2.9 kV/cm at 6 cm from the plates and 20 kV/cm at 1 cm. The time evolution of a rotational wave function under the influence of Hamiltonian Eq. ͑2.4͒ can be calculated by solving the time-dependent Schrödinger equation. If we expand a generic rotational wave function at time t as a series of eigenstates of the field-free asymmetric-top Hamiltonian
͑where K a and K c indicate, respectively, the prolate symmetric-top and oblate symmetric-top levels with which FIG. 1. Electric-field strength variation as a function of the distance to the edges of the two conducting plates that create the field. The different electric fields correspond to the following potential differences V 0 and gap between plates, a: ͑a͒ V 0 ϭ50 kV, a ϭ1 cm, ͑b͒ V 0 ϭ50 kV, aϭ0.5 cm, ͑c͒ V 0 ϭ100 kV, aϭ1 cm, ͑d͒ V 0 ϭ200 kV, aϭ2 cm, and ͑e͒ V 0 ϭ150 kV, aϭ1 cm. each asymmetric-top energy level is correlated ͓11͔͒ the Schrödinger equation can be written as
The wave function at time t 1 is given by
the propagator can be calculated by discretizing the time interval, i.e., U(t 1 ,t 0 )ϭT͟ kϭ1 n exp͓ϪiH(t k )⌬t k ͔, where T, the time-ordering operator that arranges the product in chronological order, appears because H(t) does not commute with itself at individual times within the interval ͓t 0 ,t 1 ͔. The exponential, for each subinterval, can be calculated using the split-operator technique ͓9͔. If the time-dependent part and the coordinate-dependent part of the molecule-field interaction can be separated in independent factors, as occurs in our case, it is possible to transform the time-dependent Schrö-dinger equation in the following way ͓8͔:
where Z ϵB t Z B is the diagonalized effective dipolemoment matrix, and c(t)ϭB t c(t). The short-time propagator is then
͑2.10͒
and therefore only one diagonalization ͑of the projection of the dipole moment operator along the field direction Z ϭ cos ) is required during the entire procedure.
III. CALCULATIONS FOR IODOBENZENE
A. Stark energy levels as a function of electric-field strength Bulthuis et al. presented Fig. 2 for a different energy window. Avoided crossings are labeled for easy reading of Table I . Initial states from 13 to 24 are given by the following field-free eigenstates: ͉6,2,4,0͘, ͉8,0,8,0͘, ͉7,2,5,0͘, ͉9,0,9,0͘, ͉8,2,6,0͘, ͉10,0,10,0͘, ͉9,2,7,0͘, ͉11,0,11,0͘, ͉4,4,0,0͘, ͉10,2,8,0͘, ͉5,4,1,0͘, and ͉12,0,12,0͘.
elements vary linearly with the field strength. They concluded that the assumption of adiabatic crossings for a nearsymmetric top as iodobonzene is probably incorrect.
We have calculated the time evolution of the 24 lowest (M ϭ0,E ϩ ) rotational wave functions of iodobenzene by using the method presented in Sec. II to solve the timedependent Schrödinger equation. The Hamiltonian is given in Eq. ͑2.4͒ and the electric field corresponds to V 0 ϭ100 kV and aϭ1 cm. We assume that the molecules travel in a molecular beam with mean velocity v ϭ1600 m/s. The electrodes which create the field are considered to be placed in the free-of-collision region of the beam.
Far from the plates, as shown in Fig. 1 , the field is weak and its variation is so slow that we can safely suppose that the time evolution is adiabatic before any avoided crossing takes place. Thus, for an initial wave function ͉J,K a ,K c ,M ͘ we start the numerical propagation at t i ϭv/x i , where x i is the position for which the electric-field strength is ϭ8 kV/cm ͑slightly smaller than the value at which the first avoided crossing takes place͒. Consequently, we take as initial state, the Stark state, at this field, correlating adiabatically with the chosen field-free state. Our basis set includes the same 110 basis functions used to calculate Figs. 2 and 3. The time step for the numerical integration of the Schrö-dinger equation was 3 ps, which gives converged results for the electric field employed.
The field-free eigenstate 5 (t 0 )ϭ͉4,0,4,0͘ ͑the fifth energy level at zero field in Fig. 2͒ becomes, at the maximum field, a wave packet described by a linear combination of 20 asymmetric-top eigenfunctions. This apparent complexity is misleading as can be shown by projecting the wave packet (t f ) over Stark eigenfunctions ͉J ,K a ,K c ,M ͘, at the final field:
This result can be understood considering that AC No. 3 ͑near ϭ20.6 kV/cm) is not adiabatically transversed and therefore the wave function picks up a contribution from ͉5 ,0,5,0͘ ͑state No. 6͒. However, the next crossing ͑AC 7͒ with ͉3 ,0,3,0͘ ͑state No. 4͒ is adiabatically transversed. More complicated histories are possible when the evolving wave functions pick up, in succesive avoided crossings, contributions from several instantaneous Stark states. This may be the case in highly vibrationally excited molecules where the huge density of states gives rise to a number of avoided crossings so large that eigenvalue trajectories as a function of the field get almost flat ͓14͔. Initial states ͉5,0,5,0͘ ͑No. 6͒, ͉2,2,0,0͘ ͑No. 7͒, and ͉3,2,1,0͘ ͑No. 8͒ also evolve nonadiabatically:
ϩ͑0.95Ϫ0.11i ͉͒2 ,2,0,0͘, ͑3.2͒
ϩ͑0.27Ϫ0.04͉͒2 ,2,0,0͘, ͑3.3͒ 8 ͑ t f ͒ϭ0.14͉2 ,2,0,0͘ϩ͑Ϫ0.58ϩ0.80i ͉͒3 ,2,1,0͘.
͑3.4͒
States ͉0,0,0,0͘, ͉1,0,1,0͘, and ͉2,0,2,0͘ ͑corresponding to the three lowest states in Fig. 2͒ do not exhibit avoided crossings and the numerical integration of the Schrödinger equation shows that the time evolution is adiabatic for them, as expected. States ͉6,0,6,0͘, ͉4,2,2,0͘, ͉7,0,7,0͘, and ͉5,2,3,0͘ ͑state Nos. 9, 10, 11, and 12 in Fig. 2͒ also evolve adiabatically.
The variation with the field for states 13 to 24 is shown in Fig. 3 ͑see the figure caption for These results indicate that AC Nos. 2, 3, 5, and 26 give rise to medium behavior. Crossing Nos. 6, 7, 8, 10, 12, 14, and 18 are transversed fully adiabatically. The other 16 crossings are transversed fully diabatically. Due to this variety, relative populations inside the field cannot be calculated either from field-free populations or assuming complete mixing ͑which implies a Bolztmann distribution based upon the energies in the field ͓5͔͒.
The population of the
i Stark state ͉J ,K a ,K c ,M ͘ i at (t f ) is P͉͑J ,K a ,K c ,M ͘ i )ϭ ͚ n P͉͑J,K a ,K c ,M ͘ n )c n i ͑ t f ͒c n i *͑t f ͒,
͑3.17͒
where the sum runs over every initial field-free wave function that at time t f (t f ϭv/x f , with x f the position inside the plates where the field reaches its maximum value͒ contains some contribution of the i Stark state. An accurate calculation of the populations in the field requires therefore solving the time-dependent Schrödinger equation for all the populated states outside the field. This is a huge problem for iodobenzene due to its small rotational constant. Even at 5 K, there are around 1400 field-free states ͑taking into account the different M 's͒ with a relative population larger than 10% of the maximum population. In principle, these states should be propagated to calculate the population distribution in the field. However, as we have seen above, our numerical calculation indicates that the time evolution is such that every avoided crossing is isolated from the others, involving only one pair of Stark states. Under these circumstances, a transition between two Stark states will not occur at an avoided crossing if the following condition is fulfilled ͓15͔:
where ⌬E is the energy difference between the two Stark states at the AC. Using the Hellmann-Feynman theorem and after some manipulation, this condition can be rewritten as
͑3.19͒
If v is in m/s, d/dx in kV/cm 2 , the coupling term in D, and ⌬E in MHz, Eq. ͑3.19͒ must be multiplied by the conversion factor 0.008 015 86 to have correct units.
Calculation of Eq. ͑3.19͒ is not trivial because the energy difference ⌬E is very sensitive to the electric-field value for nearly degenerate Stark states. Therefore, the AC must be located with high precission. Nonetheless, this procedure is less time consuming than the numerical integration of the Schrödinger equation. Values for Eq. ͑3.19͒ and the various factors in it, at the ACs indicated in Figs. 2 and 3 , are given in Table I . Comparison with the results obtained from the numerical propagation of wave packets shows an excellent agreement, and it gives clues for explaining the behavior of wave functions at avoided crossings. Thus, narrow ACs are usually transversed diabatically even when the diabatic coupling between Stark states is very small ͑AC No. 1͒. Based on these facts, the calculation of the population distribution can be simplified by first determining, from Eq. ͑3.19͒, the ACs that would give rise to fully adiabatic or fully diabatic time evolution. Initial states which go through this kind of crossings do not need to be propagated. Only the wave functions which experience intermediate ACs need be propagated.
C. Time evolution of the orientation
Effects due to the presence of avoided crossings are not limited to changes in the population distribution of the molecular ensemble in the field. It is especially interesting to study the changes in orientation that take place due to the presence of avoided crossings. Figures 4 and 5 show the time evolution of ͗cos ͘ ͑''the orientation''͒ for several initial rotational states. The calculation of ͗cos ͘ can be easily done, taking into account that
since a wave function at time t can be expanded either in the basis set of eigenstates of H rot or in the basis set of instantaneous eigenstates of H(t):
͑3.21͒
Thus, the orientation at time t is
where E rot n is the energy of the asymmetric-top eigenstate n, and E S n is the energy of the Stark eigenstate n. Only the lowest states reach a significant orientation at the electric field employed, but two interesting phenomena can be observed in Figs. 4 and 5.
͑i͒ Flips of orientation. They take place when a crossing is transversed adiabatically, as can be seen for the three states in Fig. 4 . For example ͗cos ͘ increases gradually for 10 until it hits AC No. 6, which is adiabatically transversed. At this point, the orientation decreases suddenly from 0.19 to Ϫ0.29, and then, it keeps decreasing until AC No. 14 is reached. These flips are due to the usual interchange of character that occurs between two wave functions at isolated avoided crossing. This implies that wave functions whose time evolution is adiabatic experience a large change in character at the avoided crossing ͑the overlap integral between the wave function before and after the AC is small͒. On the other hand, if the avoided crossing is transversed diabatically, the orientation would evolve smoothly.
͑ii͒ Irregular oscillations of orientation. In the intermediate case, i.e., when the wave function at a crossing becomes a coherent superposition of two or more instantaneous Stark states ͑a nonstationary state of the molecule-field Hamiltonian͒, the orientation oscillates in an irregular fashion as shown for the two states in Fig. 5 . If the crossings that a molecule, initially described by the field-free state 5 in Fig.  2 , experiences were transversed diabatically, it would end with ͗cos ͘ϭ1 for a high enough field. However, the wave function becomes a superposition of two Stark states ͓see Eq. ͑3.1͔͒, giving rise to beats in the orientation, which are maintained after the maximum field is reached. These beats are stronger for 6 , which consists of a superposition of three Stark states. This phenomenon also implies that the creation of some specific pendular states is not possible with the brute force technique, unless the coherence established between several Stark states is broken by collisions. FIG. 4 . Time evolution for three Stark states ( 4 ϵ͉3 ,0,3,0͘, 9 ϵ͉6 ,0,6,0͘, and 10 ϵ͉4 ,2,2,0͘) of the orientation ͗cos ͘, as a function of the distance to the edges of the conducting plates for V 0 ϭ100 kV and aϭ1 cm. The curves are constructed by plotting a point every 40 ns during the corresponding time evolution.
FIG. 5. Time evolution of the orientation for 5 ϵ͉4 ,0,4,0͘ and 6 ϵ͉5 ,0,5,0͘ under the same electric field as in Fig. 4 . Note that the scale is different from the one employed in Fig. 4 .
IV. SUMMARY AND DISCUSSION
The properties of rotational wave packets of polar molecules created by the interaction of a permanent dipole moment with a static electric field have been well characterized by Friedrich and Herschbach ͓2͔. The transition from fieldfree rotational eigenstates to pendular states is a dynamic process whose interpretation requires the solution of the time-dependent Schrödinger equation. This problem was studied for electric fields created by nonresonant laser pulses in Ref. ͓4͔. The high intensities and short times involved in such processes allow nonadiabatic time evolution even in the absence of avoided crossings between instantanous molecule-field eigenstates ͑Floquet states͒. The case of a static electric field had not been treated until the present work because of the long propagations that are required. Besides, at the moderate field strengths involved, linear and symmetric-top molecules, in the vibronic ground state, usually have a simple energy level structure that does not allow nonadiabatic behavior. However, asymmetric tops can present numerous avoided crossings, which can give rise to nonadiabatic time evolution.
The main implications of our calculations are the following.
͑i͒ We have identified states that evolve fully adiabatically, others that evolve fully diabatically, and a few states that evolve to coherent superpositions of several pendular states ͑intermediate behavior at ACs͒. Therefore, populations in the field cannot be calculated either from field-free populations or assuming complete mixing by the field.
͑ii͒ Since the investigated avoided crossings are isolated, transition probabilities can be estimated from a simple expression containing the diabatic coupling matrix element, the energy gap between the two involved instantaneous Stark states, and the change rate of the field as a function of space coordinates and molecular velocity.
͑iii͒ The orientation for wave packets consisting of superpositions of pendular states oscillates in time, even after the final static field is reached. This implies also that a few specific pendular states cannot be created by brute force methods, unless the molecular velocity and/or the electric field variation can be controlled. This problem could be overcome because there is some flexibility in the design of the experimental configuration to obtain different fringe fields and since velocities can be modified with new methods ͓16,17͔.
The method developed by Meijer and co-workers ͓16͔ is based on the fact that molecules in a low-field seeking state lose kinetic energy when entering an electric field. This velocity is not regained if the field is rapidly switched off. Therefore, succesive electric-field stages can slow down molecules. The method by Maddi et al. ͓17͔ is also based on the use of time-vaying electric-field gradients, but molecules in high-field seeking states or ground state atoms are used. The field, which is off when the molecules enter the field, is rapidly switched on when they are between the plates. Therefore, when molecules ͑or atoms͒ exit the plates transverse a field gradient and are slowed down. However, if avoided crossings exist as a function of field strength the dynamics can become more complex. For example, in the method by Meijer and co-workers, avoided crossings could be transversed adiabatically for molecules entering the field and diabatically when the field is switched off, since the timedependent perturbation acts much faster in this case. Thus, after one electric-field stage a molecule could end up in an internal state different from the initial state. In some cases, this state could be a high-field seeking state, and therefore the second electric-field stage would give rise to an increase in kinetic energy. We believe that studies like the one presented here can be relevant for the optimization of such schemes for the case of molecules in internal states that exhibit avoided crossings.
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